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Disclaimer 
“This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacture, or otherwise does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
government or any agency thereof.” 
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Abstract 
Under sponsorship of the U.S. Department of Energy’s National Energy Technology 
Laboratory, Siemens Westinghouse Power Corporation has conducted a study of Next 
Generation Gas Turbine Systems that embraces the goals of the DOE’s High 
Efficiency Engines and Turbines and Vision 21 programs. 
The Siemens Westinghouse Next Generation Gas Turbine (NGGT) Systems program 
was a 24-month study looking at the feasibility of a NGGT for the emerging deregulated 
distributed generation market. Initial efforts focused on a modular gas turbine using an 
innovative blend of proven technologies from the Siemens Westinghouse W501 series of 
gas turbines and new enabling technologies to serve a wide variety of applications. The 
flexibility to serve both 50-Hz and 60-Hz applications, use a wide range of fuels and be 
configured for peaking, intermediate and base load duty cycles was the ultimate goal. As 
the study progressed the emphasis shifted from a flexible gas turbine system of a 
specific size to a broader gas turbine technology focus. This shift in direction allowed for 
greater placement of technology among both the existing fleet and new engine designs, 
regardless of size, and will ultimately provide for greater public benefit. 
This report describes the study efforts and provides the resultant conclusions and 
recommendations for future technology development in collaboration with the DOE.  
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1.  Introduction 
Siemens Westinghouse Power Corporation, under the sponsorship of the U.S. 
Department of Energy’s (DOE) National Energy Technology Laboratory (NETL), has 
completed a 24-month study evaluating the feasibility of a Next Generation Gas Turbine 
System.  The Next Generation Gas Turbine (NGGT) Systems study was to determine 
the feasibility of a next generation gas turbine-based power system for the emerging 
distributed generation market with the goal of meeting the DOE’s aggressive efficiency, 
emission, and cost objectives listed below.   

• Improved lower heating value (LHV) net system efficiency of 15% or higher 

• 50% or higher improvement in turndown ratio 

• 15% or higher reduction in the cost of electricity 

• Improved service life 

• Reductions of emissions (carbon and oxides of nitrogen (NOx)) 

• 15% or higher reduction in operations, maintenance, and capital costs 

• Flexibility of at least 400 starts per year, with rapid start capability 

• Capability to use multiple fuels 

• Improvement of reliability, availability and maintainability (RAM) 
DOE’s basis for determining achievement of the above goals is the comparison against 
1999 state-of-the-art systems of comparable size. 
The Siemens Westinghouse study initially focused on a modular gas turbine system to 
address the DOE NGGT system program goals and to serve a wide variety of 
applications.  Although sound in technical approach, the concept of a single turbine 
system satisfying unrelated application requirements proved to be impractical from an 
economic standpoint.  Consequently, the study shifted from developing a single turbine 
to developing a suite of technologies that address the DOE’s performance and cost 
goals while accommodating the various applications and duty cycles under which gas 
turbine systems are expected to operate over the next twenty years. 
Following an Executive Summary, this report describes the technologies that were 
investigated, the markets they are intended to address, benefits resulting from their 
implementation, and proposed development plans.   
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2.  Executive Summary  
Siemens Westinghouse’s initial approach to the NGGT study was based on a modular 
gas turbine system that used an innovative blend of proven technologies from the 
Siemens Westinghouse W501 series of gas turbines and new enabling technologies to 
serve a wide variety of applications.  The goal was to develop a modular system that 
would provide the flexibility to address a number of operational applications.  Desired 
system features were: 50-Hz or 60-Hz operation, fuel flexibility, ability to serve peaking, 
intermediate and base load applications, and the capability of being integrated into high 
efficiency hybrid turbine/fuel cell systems and/or advanced central station cycles as 
envisioned by DOE’s Vision 21 Program.  
At the heart of the modular system was a high-speed, 2-shaft gas turbine configured with 
a power turbine that could be fitted with a blade path for either 50-Hz or 60-Hz operation.  
This particular configuration also provided the flexibility for being fitted with combustion 
burners for different fuel types, such as natural gas, oil, and syngas derived from coal, 
refinery residuals, biomass, and pet coke.  Use of a free power turbine on it’s own shaft 
provided ease for a reheat or fired power turbine for enhanced efficiency and power 
performance.  Even though this nominal 130 MW gas turbine provided for many of the 
desired operational features and met efficiency and power performance objectives, the 
reality of this configuration was a more complex and costly gas turbine system.   
A conventional single-shaft gas turbine of the same nominal 130 MW size was next 
analyzed but could still not meet the aggressive cost goals for a comparably sized gas 
turbine with F-class technology. 
In re-evaluating the NGGT study strategy, several factors were taken into consideration 
before deciding on a course to pursue.  These factors were: the uncertainties of future 
power generation markets due to the effects of deregulation in both the US and Europe, 
the price volatility and availability of fossil fuels, the high cost of gas turbine systems 
development along with the risk of designing a system size that might not be desired in 
the future, and the differences in near-term power generation needs of world markets.  
This re-evaluation led to the conclusion that investment in technological advances for 
gas turbine systems to achieve both performance and cost improvements would be a 
more prudent strategy than designing for a specific mid-sized system.  This strategy was 
confirmed during the customer interviews held in 2002. 
At this point, it was decided to look at the Siemens Westinghouse F- and G-class gas 
turbine frame sizes to leverage the economies of scale and determine if the use of 
advanced technologies could accomplish the desired design goals.  One specific market 
driver for the US market place, the need for a very reliable large size peaking gas 
turbine, led to the evaluation of a large peaking engine. The large peaking engine would 
then serve as the “technology carrier” for the evaluation and comparison of new gas 
turbine technologies for meeting the DOE performance and cost improvement goals.  
Technology that was favorably evaluated for meeting design and financial goals could 
then be used in the large peaker frame or be scaled up or down for use in either existing 
or new gas turbine designs.   
The large peaking gas turbine evaluation used the W501G as a starting platform. In 
order to accurately evaluate advanced technologies and concepts, a complete combined 
cycle model of the W501G was developed to allow concurrent evaluation of both simple 
and combined cycle performance.  The G-class engine was chosen because it 
represents the latest in commercialized state-of-the-art gas turbine technologies.  To 
provide a robust peaking engine application, capable of more than 400 starts per year, 
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improve RAM (reliability, availability, and maintainability) and reduce the cost of 
electricity, the turbine inlet temperature (TIT) was reduced, the steam-cooled transitions 
and can-annular combustors replaced with air-cooled annular combustors, and the 
directionally solidified blade castings replaced with conventionally cast blades.  
Performance studies were then conducted by taking select technologies and inserting 
them into the large peaking engine, now designated W501F/G, for analysis.  The results 
of this iterative analytical approach provided an engine with a simple-cycle efficiency 
exceeding the state-of-the-art by more than 12 percent, an all time high for large 
industrial land-based gas turbines.  The combined-cycle efficiency was improved by 
more than 4 percent, making the engine still suitable for combined-cycle duty with a 
plant efficiency greater than 60.5 percent.  The potential for simple cycle and combined 
cycle power increases were greater than 30 percent and greater than 24 percent, 
respectively.   
From a capital cost standpoint, the W501F/G showed greater than 20% reduction as a 
peaking engine application when compared to the W501G applied as a peaker.  The 
capital cost analysis also showed the potential for an additional 7-8% reduction.  The 
best cost of electricity calculations showed a 12.7% reduction when the W501F/G was 
applied in a simple cycle plant using a combination of advanced materials and 
technologies along with optimized turbine stage pressure ratios and an advanced steam 
cycle.   
The market analysis performed as part of the NGGT study revealed that combined cycle 
power plants will continue to play a significant role through the 2020 time-period for 
electrical capacity additions and replacements. The customer surveys conducted during 
the NGGT study revealed that power equipment customers are more interested in better 
system RAM, reduced life cycle costs, better emissions performance and more 
operational flexibility than continued gains in current plant efficiencies.  
In summary, what this study showed was that a select combination of DOE NGGT goals 
could be reached for each gas turbine system.  This will only be possible by the 
development of a range of technologies that must be combined in different ways to 
maximize the resulting power plant benefits for each application.  This study also 
showed that gas turbine systems of various sizes (small, medium, and large) will 
continue to be a significant portion of the global power generation mix over the next 
twenty years with customers demanding greater equipment reliability and continued 
improvements in overall life cycle costs.  Therefore, a recommendation for gas turbine 
system technology improvement, rather than a gas turbine system of a specific size, 
makes the most sense from a development investment standpoint. 
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3.  System Definition 
The objective of the Next Generation Gas Turbine (NGGT) Systems Program was to 
develop a novel concept for a greater than 30 MW system that meets a wide range of 
very challenging goals while servicing a broad range of applications with one cost 
effective base system design. 
The program objectives, as specified in DOE Planned Research and Development 
Announcement (PRDA) were itemized in Section 1.   

3.1  Technical Approach 
At the start of the conceptual study, two brainstorming sessions were held with 
experts representing different disciplines including Engineering, Marketing, 
Manufacturing, Auxiliaries, Projects, Field Installation, and Service.  The 
objective of the first session was to identify the current technologies and new 
technologies that should be considered for incorporation into the mid-size NGGT 
System to meet the Program performance, emissions, flexibility, and other goals.  
In total, 65 enabling technologies for potential incorporation into NGGT and 14 
different systems were proposed for future evaluation.  The second brainstorming 
session concentrated on cost reduction ideas.   
The concept selected initially was a flexible, modular, two shaft design, optimized 
for either 50-Hz or 60-Hz operation, with the compressor and the compressor 
turbine on one shaft and the power turbine, which was connected to the 
generator, on the second shaft.  The preliminary studies were carried out on a 
110-MW class engine. Based on input from SWPC Marketing the  engine size 
was increased to 130 MW at the start of the conceptual study.  The two-shaft 
concept had significant advantages in flexibility, modularity and parts 
commonality between 50-Hz and 60-Hz versions, along with ease of 
incorporating advanced concepts such as reheat, but while initial estimates 
revealed that performance goals could be met, the performance and flexibility 
came at a large cost penalty.  Because of the cost considerations, the emphasis 
was shifted to the single-shaft concept.  As a result of additional  Marketing input 
that higher power density would be more responsive to the market requirements, 
higher power single shaft versions were investigated.  First the “F-Class” size 
was considered and finally the “G-Class” engine size was selected.  The bulk of 
the conceptual study effort was focused on the de-rated W501G, a low cost 
peaker now designated as the W501F/G engine.  The W501G served as a 
platform for evolutionary and revolutionary technology insertions, to facilitate 
achievement of the NGGT Program goals.  Performance and cost estimates 
were made on the technologies that were considered for incorporation into the 
low cost peaker.  To reduce the engine capital and operating costs many cost 
reduction ideas/concepts were evaluated.  These technologies, ideas and 
concepts were then selected for incorporation on the basis of a benefit-cost 
analysis.  The results of this conceptual study indicated that the goals of 15% 
improvement in simple cycle net LHV based thermal efficiency and 15% 
reduction in cost were achievable.  In addition, if the engine were used in a 
combined cycle application, its net thermal efficiency would exceed 60%. 
Ten different advanced technologies (Variants 1-10) were investigated as 
candidates for insertion into the W501G based low cost peaking engine.  This 
report focused on simple cycle peaking operation, however the best combination 
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of technology improvements (Variant 10) was seen to be able to achieve an 
efficiency of greater than 60% in combined cycle with an advanced steam cycle. 
The cost model that formed the basis of the cost of each of the ten variants was 
based upon the W501G with a number of cost reductions and component 
changes and redesigns to produce the low cost peaker.  The component 
validation costs assumed both laboratory and engine prototype testing at the 
factory test center for some of the variants, and testing at a customer site for 
others.  The engineering design costs were combined with the testing and 
validation cost and averaged over the fleet of engines to determine the cost per 
engine. 
By considering the cost of parts, the design and validation program costs and the 
simple cycle performance of the ten technology variants, the benefit-to-cost of 
each of the technologies could be assessed.  Both the ∆ NPV/∆ cost and benefit 
/∆ cost ratios show that technology Variant 2+3, Variant 6, and Variant 10 were 
significantly better than the other technologies.  Based upon the cost of 
electricity, Variant 10 provided the lowest COE with a 12.7% reduction from the 
W501G.  Variants 2+3, 6, and 10 provide the greatest benefit according to the 
benefit-cost analysis and NPV analysis.   
Variant 2+3 was found by all of the analysis methods to be a promising 
technology.  The benefit of combining technologies is also apparent in Variant 
10, which combined advanced turbine materials, and technologies from Variants 
1, 2+3, 5 and 6 with optimized turbine stage pressure ratios. 
The results of this study showed that the W501G based low cost peaker will meet 
the NGGT program efficiency and cost targets, but will require a concerted effort 
in the development of enabling technologies. 
Both performance enhancing and cost reducing technologies were reviewed and 
down-selected, leaving only those with high potentials for helping to meet NGGT 
Program goals.  Some higher-risk, longer-term, promising technologies, such as 
in-situ reheat, were dropped from the evaluations in favor of other less costly 
technology development options.   
Initially a three-phase program for the NGGT development was considered.  This 
involved the development of three different engines over a period of 13 years.  
New technologies would be introduced and developed in a phased approach, 
culminating in the third engine, which would meet all the NGGT Program goals.  
Due to the change in the land based gas turbine market situation, this approach 
was changed to focus on one low cost peaker platform, with emphasis on 
enabling technologies development. 

3.2  130-MW Class Two Shaft Engine 

3.2.1  Engine Description 
The introductory NGGT engine was to be a 130 MW Class, two shaft, low cost 
fuel flexible, simple cycle unit capable of delivering competitive power in the 
peaking through intermediate duty range (see Figure 1).  The compressor was to 
be the scaled version of the high efficiency ATS/W501G compressor, with 
improved sealing, but increased tip clearances for quick start and cycling 
operation capabilities.  The combustor technology was to be based on ultra lean 
premixed, catalytic design for natural gas operation and conventional diffusion 
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flame for syngas applications.  The two-stage turbine driving the compressor was 
to employ state-of-the-art 3D viscous aerodynamic design philosophy and 
advanced airfoil-cooling technology to optimize performance while using “F” 
technology materials to minimize costs.  The two or three-stage (for 60-Hz and 
50-Hz applications respectively) power turbine driving the generator was also to 
employ the 3D aerodynamic design and advanced cooling design for airfoils 
requiring cooling.  Advanced sealing was to be incorporated on all rotating and 
stationary components as needed to improve performance.  An inter-turbine duct 
connected the compressor turbine and the power turbine.  An aerodynamically 
optimized side exhaust ducted the turbine exit flow into the exhaust stack.  The 
intent of the two-shaft concept was to optimize the performance of the common 
“gas generator” by designing it for optimum rotational speed, and to use a 
different power turbine for either 50-Hz or 60-Hz applications. 
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Figure 1 – 130-MW Class Two-Shaft Engine Cross Section 
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3.2.2  Engine Performance 
Preliminary conceptual designs were carried out on the 130 MW engine 
components to establish approximate dimensions, number of stages, number of 
airfoils, cooling requirements, flow conditions in the turbine, and other design 
parameters, and to ensure that the conceptual study would reflect viable 
component designs meeting the Siemens Westinghouse design life requirement.  
This information was used in estimating component and engine performance.  
The turbine preliminary design code was run to calculate airfoil losses and stage 
efficiencies.  Using the results of this calculation and the estimated performance 
of other components, such as the estimated performance of the compressor, 
combustor, inter-turbine duct and the exhaust duct, the Gate Cycle® code was 
run to estimate engine performance.  All engine performance calculations were 
done on natural gas fuel at ISO conditions -- at sea level, 59°F ambient 
temperature, 60% relative humidity, and with typical inlet and exhaust losses, 
generator efficiency and step-up transformer losses. 
The introductory (Phase 1) engine performance was estimated assuming “F” 
Class firing temperature.  The estimated engine efficiency of this engine was 
close to the target value. Then new/advanced technologies were inserted and the 
firing temperature was increased for Phase 2 and 3 engines.  The final engine 
version, introduced in the year 2015 time frame, would exceed the NGGT 
Program simple cycle efficiency goal of greater than 15% improvement.  In 
combined cycle application, its net LHV based efficiency would be greater than 
60%. 

3.2.3  Engine Cost 
To compare the Phase 1 engine cost a 130 MW simple cycle “Base Engine” cost 
model was developed.  This model was based on the current Siemens 
Westinghouse Power Corporation (SWPC) production engine technology with the 
following assumptions: 130 MW size, single shaft, two bearing, axial exhaust, 14 
DLN can annular combustors, same number of compressor stages and airfoils as 
in W501FD, similar materials as in W501FD, and similar manufacturing/assembly 
procedures.  This estimate was based on SWPC proprietary cost models for 
W501D5A, W501F and W501G engines, with corrections applied for size and 
weight differences.  Component weights for the “Base Engine” were estimated for 
scaling the material machining and assembly costs from the proprietary engine 
cost models.  As a check, this cost estimate was compared to the cost of a 
hypothetical 130 MW engine derived from an average curve of $/kW versus MW 
for all heavy duty industrial/utility gas turbines in the 80 to 200 MW range 
published in the Gas Turbine World Handbook.  The resulting “Base Engine” cost 
was then reduced by 15% to serve as a benchmark for achieving the NGGT 
Program’s 15% cost goal. 
The two-shaft 130 MW engine cost was estimated as the sum of the following 
seven categories:   

1. Compressor:  inlet guide vanes, diaphragms, blades, blade rings;  
2. Turbine:  vane segments, blades, blade rings, isolation rings, ring 

segments, seal housings;  
3. DLN combustion system (annular combustor);  
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4. Cylinders (including ducting), compressor and turbine supports;  
5. Rotor assembly, blade locking hardware, miscellaneous hardware;  
6. Longitudinal assembly; and  
7. Freight cost for delivering hardware/components to the factory.   

The resulting two-shaft engine cost was in excess of the target cost.  The cost 
reduction ideas generated during the previously described brainstorming session 
were then investigated to estimate their impact on the engine cost.  These ideas 
included:  alternate compressor cylinder material and novel fabrication methods, 
optimized compressor stator design/fabrication, reduced number of turbine blade 
rings and isolation rings, simplified blade locking, and simplified turbine vane 
casting/insert cooling hole design.  Applying the above cost reduction ideas 
resulted in a significant cost reduction.  However, the required cost reduction 
target was still not achieved. 

3.2.4  NGGT Engine Development Costs 
To estimate what funding would be required to develop Phases 1, 2, and 3 
engines, a fairly detailed costing effort was carried out.  To obtain a complete and 
as accurate as possible cost estimate for the development costs the following 
costs were considered:  detailed component/engine design, component 
performance validation (including compressor/turbine rig tests), turbine airfoil 
cooling design tests (both stationary and rotating, and at operating temperatures 
and pressures), combustion system tests (including syngas), tooling 
manufacturing development, prototype engine manufacturing, first article 
inspection, and engine field validation testing (including any required redesigns 
and subsequent engine re-testing).  These engine development costs were 
combined with materials instrumentation/sensors/NDE inspection, steam turbine 
generator, and balance of plant development costs to produce the final program 
development costs.  As a result of the high estimated development costs for this 
three-phase approach, and in the context of the current market conditions for 
land based gas turbines, it was decided that this approach was unrealistic.  
Instead, the NGGT program was redirected to enabling technology development.  
To evaluate benefits and costs of the identified and selected technologies, a 
technology “carrier platform” was to be selected and further performance and 
cost calculations were to be done on this platform.  One of the advantages of this 
approach is that as the technologies are developed and validated they can be 
retrofitted into the current engine fleet and the benefits realized long before a full-
fledged NGGT engine is developed and commercialized. 

3.3  130-MW Class Single Shaft Engine 
Due to the considerably higher cost and marginal performance advantage of the 
two-shaft engine, it was decided to investigate the single shaft 130 MW variant.  
This engine would reflect the current SWPC product line, but would incorporate 
the same features/technologies that were considered for the two-shaft version.  It 
would employ a single shaft, two bearing, cold-end drive concept, scaled W501G 
compressor, annular DLN combustor, advanced 3D viscous four stage turbine 
design, advanced turbine airfoil cooling and advanced sealing, axial exhaust, “F” 
Class firing temperature and conventional materials and coatings.  The estimated 
engine performance was only marginally lower than that of the two-shaft design.  
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However, the engine cost, estimated by the same procedure as described 
previously, was significantly lower.   
The above investigation was done for a 60-Hz design.  For 50-Hz application, the 
engine hardware would have to be scaled by 60/50 ratio (as one possibility) to 
accommodate the 3000-rpm rotor speed.  To get around the issue of non-
commonality of parts and additional tooling costs, a unique design with a gearbox 
for 50-Hz or 60-Hz operation was also investigated.  This approach was 
abandoned due to high gearbox costs, gearbox losses and the fact that, at 130 
MW output power, the current gearbox technology was pushed to the limit, 
especially if future engine upratings were to be considered. 

3.4  W501F Based Low Cost Peaker 
As a result of marketing input, which indicated that higher output power in the 
range of 180 MW would be more desirable for the low cost peaker, using the 
W501F frame was considered briefly.  This would basically be a W501F engine 
with advanced technology insertions to achieve the efficiency target, and 
incorporating cost reduction ideas/concepts to meet the program cost target.  
After a brief investigation, it was decided to concentrate on the de-rated W501G 
as the “enabling technology carrier”.  Hence, the bulk of the work was done 
starting with the W501G and investigating what technologies and cost reduction 
features would have to be incorporated into it to make it a low cost peaker 
meeting the DOE Program goals. 

3.5  W501F/G Low Cost Peaker 

3.5.1  Engine Description 
The W501F/G low cost peaker builds on the technological advances incorporated 
in the W501G engine while addressing the cost target by the use of reduced 
firing temperature (down to “F” level, to allow the use of conventional materials) 
and previously identified cost reduction ideas.  The W501G is the latest and most 
advanced heavy frame gas turbine, with a combined cycle net efficiency of 58%.  
Seven W501G’s are now in commercial operation, and several more will be 
coming on line in the near future.  In total, 28 W501G’s have been sold. 
The low cost peaker version has reduced firing temperature and hence uses 
conventionally cast first and second stage turbine blades, instead of directionally 
solidified blades, and does not need cooling of the third stage turbine blade.  It 
incorporates a new advanced 13-stage compressor design (compared to 16 
stages in W501G) and an annular DLN combustor.  This configuration eliminates 
transition closed loop steam cooling, hence resulting in a significant cost 
reduction.  It uses the advanced 3D viscous aerodynamic design four-stage 
W501G turbine, with modifications to materials and cooling as indicated above. 
Figure 2 shows the engine cross-section.  It was realized right from the beginning 
that the efficiency target could not be achieved with a de-rated version of the 
W501G engine without including performance-enhancing technologies.  
Therefore, a total of ten variants (in addition to the base W501F/G peaker) 
incorporating different advanced technologies resulting in improved performance, 
were investigated.  The objective was to determine which advanced technology, 
or combination of technologies, would result in both the efficiency and cost 



 

40851 NGTP FINAL REPORT.DOC 11

targets being achieved.  For each engine version, performance and cost 
estimates were carried out and a benefit-to-cost analysis was done. 
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Figure 2 – W501G-Based Low-Cost Peaker Engine Cross Section 
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3.5.2  Engine Performance 
As was done for the 130-MW engine, the Gate Cycle® program was run to 
estimate engine performance.  For the variants incorporating new or advanced 
technologies, preliminary turbine designs were carried out to obtain airfoil 
numbers, cooling flow requirements, leakage reductions, and losses, so that 
accurate estimates of stage efficiencies and engine performance could be made.   
Ten different technology variants were chosen for incremental integration with 
the W501F/G base case to arrive at various degrees of improvement in both 
power and efficiency.  Most variants were based on other variants plus additional 
technology changes.  (See Table 1.) 
The performance estimation results are shown (in relative terms) in Table 1.  
Note, both simple cycle and combined cycle performance is given.  The base 
(introductory) low cost peaker engine output power and efficiency are higher than 
those of the W501G engine.  The significantly higher output power will make this 
engine attractive on a $/kW basis.  However, the base case efficiency does not 
meet the NGGT target.  The combined cycle efficiency of this variant is 
considerably worse than in W501G, due to its low exhaust temperature.  It should 
be noted that some technologies such as fuel heating result in an improvement in 
thermal efficiency, but a reduction in output power, hence they would not be 
considered for incorporation in a peaker engine.  The “optimized” technologies 
variant (Option 10 above) results in a significant increase in simple cycle output 
power and efficiency.  The estimated simple-cycle efficiency is very close to the 
target value.  In addition, in  combined cycle application this variant will have a 
net efficiency greater than 60%. 

Table 1 
Results of Performance Estimates for the W501G-Based Low-Cost Peaker 
Variant System Description SC ∆ 

MW (%)
SC ∆ 

Eta(%) 
CC ∆ 

MW (%) 
CC ∆ 

Eta(%) 
Base W501FG with New Compressor 0.0% 0.0% 0.0% 0.0%

1 Base case with aero redesign 0.6% 0.5% 0.2% 0.2%
2 Variant 3 with fuel heating and 

improved control rings  
5.9% 3.3% 5.7% 2.1%

3 Variant 1 with leakage reduction 4.5% 1.5% 5.3% 1.5%
4 Variant 2 with higher fuel heating 5.8% 3.7% 5.7% 2.5%
5 Variant 4 with further fuel heating 5.7% 4.2% 5.5% 2.9%
6 Variant 5 with higher RIT 20.3% 3.6% 22.4% 5.5%
7 Variant 6 with fabricated blades and 

vanes 
24.8% 3.5% 27.9% 6.0%

8 Variant 6 with improved V1, B1, B2, 
and B1 ring segments 

22.6% 3.7% 25.1% 5.8%

9 Variant 6 with improved V1, V2, and 
B1 ring segments 

26.1% 3.2% 29.7% 6.1%

10 Variants 6, 7, and 9 with optimized PR, 
and advanced steam cycle 

30.2% 6.5% 31.7% 7.7%

3.6  Engine and Development Costs 
The W501F/G low cost peaker was used as the technology carrier through which 
the DOE objectives for the NGGT would be accomplished.  The W501G 



 

40851 NGTP FINAL REPORT.DOC 14

proprietary cost model was used as the basis for the engine cost estimation and 
following a similar procedure as was described for the 130 MW engine.  Cost 
improvements were applied to the W501G to develop a low cost version, with 
primary focus on peaking duty.  Account was taken of the fact that the 
redesigned compressor would have fewer stages, and hence lower cost.  The 
cost of the compressor cylinders and rotor was scaled to reflect smaller 
dimensions with fewer stages.  The closed-loop steam-cooled transition was 
eliminated and the combustion system was replaced with an annular design.  As 
a result of reduced firing temperature, only conventionally cast airfoils were used 
in the turbine and no cooling was required for the third stage turbine blade.  
Additional potential cost savings, identified in a brainstorming session, were 
included to produce the engine manufactured cost. 
To obtain the cost of the different engine variants, the cost increase due to the 
incorporation of the particular technology was estimated.  For some technologies, 
the manufacturing costs were estimated in previous studies.  For others, cost 
estimates had to be generated based on available information.  The result was a 
cost estimate for each of the 10 engine variants under consideration. 
The following approach was used to account for development and validation 
costs associated with each new technology incorporated into the NGGT engine.  
A heavy emphasis is placed on validation to ensure that risks associated with 
new and advanced technology introduction are minimized and RAM improved.  
SWPC follows a rigorous Product Development Process when introducing new 
technologies/products, starting with marketing requirements/specifications, 
through preliminary/detail  design and manufacturing/testing and finally 
culminating in post development service follow and documentation.  The 
individual steps impacting development costs include: 
1. Component/engine preliminary and detail design (including design to cost 

and to 6-Sigma standards). 
2. Laboratory/rig validation.  For most of the technologies considered for 

incorporation into NGGT, a rigorous validation program will be required to 
minimize risks.  This may include rig tests to verify component 
aerodynamic performance; hot and cold, stationary and rotating heat 
transfer tests; and materials properties verification tests. 

3. Engine prototype manufacture.  This includes the cost of any 
tooling/manufacturing process development, tooling procurement, first 
article inspection of all new components, and engine manufacturing costs, 
including higher "first of a kind" component costs for some of the 
components incorporating advanced technologies. 

4. Engine testing (another step in risk mitigation).  This includes the cost of a 
fully instrumented engine and extended testing at our engine test facility 
or at a customer site.  The tests will verify performance, emissions, and 
mechanical integrity, and may include telemetry, optical pyrometry and 
thermal paints on hot end components.  Initial testing may uncover 
technical issues that must be rectified by a redesign, if necessary, and the 
engine re-tested to demonstrate that the issue has been resolved. 
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5. Post prototype test follow and inspection.  The new component or engine 
is monitored in the field and inspected at regular intervals to ensure that it 
meets the design intent/requirements. 

The total costs associated with the development process described above were 
estimated for each of the technologies considered for introduction into the NGGT.  
The total technology development cost was spread over the number of engines 
sold with the particular technology.  The assumption was made as to how many 
engines would be sold per year over a period of 12 years.  This cost increment 
was then added to the previously estimated engine manufacturing cost to arrive 
at the total cost reflecting the added cost of new technology.  Table 2 
summarizes the cost estimation results in relative terms.  These cost results will 
be used to determine which are the optimum technologies that should be 
considered for incorporation into the NGGT. 

Table 2 
Low-Cost Peaker Total Cost Summary per Engine 

Variant ∆ Production 
Cost ($k) 

∆ Cost of 
Technology 

Development ($k) 

∆ Total 
Engine 

Cost ($k) 
Base W501FG - - - 

1 -0- 275 275 
2+3 338 65 403 

4 200 5 205 
5 400 6 406 
6 350 147 497 
7 1,016 144 1,160 
8 778 160 938 
9 429 138 567 

10 1,906 266 2,172 
 
The W501F/G engine production cost reduction exceeds the target 15% cost 
reduction compared to the W501G engine. On $/kW basis it betters the 15% 
reduction target by a wide margin compared to the W501G and the “Base 
Engine” cost derived from Gas Turbine World Handbook (as described in 
Section 3.2.3).   

3.7  Benefit-to-Cost Analysis 
The benefit of each of the ten technology variants was assessed using three 
methods.  The first method determined the benefit of the technology to a 
customer based upon evaluation factors for power and heat rate.  For each 
technology case, the engine was modeled to determine the power output and 
efficiency in simple cycle operation.  Based upon the change in power and 
efficiency from the base evaluation case, the dollar benefit to the customer of 
each additional technology was assessed.  The dollar benefit was then compared 
to the incremental cost of the engine using the advanced technology and the 
benefit-to-cost ratio determined.  The second method of analysis calculated the 
net present value (NPV) of the technology based upon the customer's life-cycle 
costs, including power and heat rate evaluations.  The change in NPV was 
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calculated from the base case for each technology variant.  The cost of electricity 
(COE) for each variant was used as the third comparative measure. 
The base case used in this analysis is the W501G based low cost peaker, as 
described in Section 3.5.1.  The benefit for each of the ten technology variants 
was assessed in terms of power and heat rate and by using an evaluation factor, 
which was then converted to a dollar benefit to the customer.  The evaluation 
factors used for power and heat rate were $250/kW and $30,000 per BTU/kWh, 
respectively.  These evaluation factors were assumed based upon a possible 
range of up to $600/kW and $90,000 per BTU/kWh.  The benefit-to-cost ratio was 
the dollar benefit to the customer from increased performance compared to the 
increased cost of the engine with that particular technology variant.  The cost for 
each variant is described in Section 3.6 and includes base engine cost, 
advanced technology components, testing and validation costs, and design and 
manufacturing development costs.  As noted in Table 2, Variants 2 and 3 were 
combined for testing and validation purposes to become Variant 2+3.  Hence, the 
engine costs used in Tables 3 and 4 below for Variants 2 and 3 do not take into 
account technology validation program cost. 
The net present value (NPV) of an investment represents the actual value of 
future earnings today.  NPV was used in this analysis to  compare each of the 
technology variant’s NPV, with higher NPV being better than lower NPV.  A 
negative NPV indicates a decrease in future earnings and therefore an 
unfavorable investment.   
The cost of electricity (COE) of each of the technology variants was also 
calculated using Siemens Westinghouse proprietary cost models to provide 
another comparative measure.  The cost of electricity is used to compare 
equipment and represents the cost to the power plant operator to produce one 
kilowatt of power per hour, hence a lower COE is more favorable.  The COE 
analysis accounts for the plant operation and maintenance costs, fuel cost and 
plant equipment costs along with the fuel usage.  The variants that produced a 
large increase in power output or efficiency or both reduced the amount of fuel 
used, which led to a lower COE. 
The results of all three analysis methods are shown in relative terms on Table 3. 
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Table 3 
Engine Variants Ranked by Three Criteria 

 Benefit/∆ Cost 
Ratio 

∆ NPV /∆ Cost 
Ratio 

COE Reduction 
(%) 

Rank Variant Ratio Variant Ratio Variant ∆ COE 
1 2+3 23.18 2+3 27.16 10 12.7% 
2 10 16.20 6 22.13 2+3 6.9% 
3 6 15.97 10 21.55 7 6.4% 
     

4 1 6.24 1 6.71 8 6.3% 
5 9 4.53 9 6.15 9 6.3% 
6 4 4.22 4 4.40 6 6.0% 
7 5 2.82 7 3.04 1 4.8% 
8 7 2.26 5 2.96 5 4.7% 
9 8 1.85 8 2.47 4 4.6% 

 

Table 4 
 Summaries of Relative Benefit-Cost Analyses 

Variant Benefit/∆ Cost Ratio ∆ NPV /∆ Cost Ratio COE 
Reduction 

(%) 
1 6.24 6.71 4.8% 

2+3 23.18 27.16 6.9% 
4 4.22 4.40 4.6% 
5 2.82 2.96 4.7% 
6 15.97 22.13 6.0% 
7 2.26 3.04 6.4% 
8 1.85 2.47 6.3% 
9 4.53 6.15 6.3% 

10 16.20 21.55 12.7% 
 

3.8  IGCC Plant 
An investigation was carried out on the development of a syngas fuel system 
based on the steam-cooled W501G (ATS) engine.  Initially, the syngas fuel, 
derived from a coal-based IGCC plant, will be burnt in a conventional gas turbine 
modified as required for IGCC application.  The ultimate goal will be development 
of the required enabling technologies to achieve near zero emissions in a super 
efficient plant consistent with DOE's Vision 21 goals.  Preliminary investigation 
indicated that by increasing the compressor pressure ratio to counter the 
increased flow through the turbine resulting from the increased flow in the IGCC 
application, the same turbine hardware could be used as in the gas-fired engine.  
Stages will need to be added to the compressor to accommodate the increased 
pressure ratio.  Initial performance estimates indicate that 50% LHV based 
efficiency is achievable in this system.  To achieve the 60% efficiency goal will 
require significant developments in new technologies. 
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4.  Market Assessment 
The potential market for NGGT systems was assessed in three steps 

1. Characterize likely future power market structure and demand evolution in six 
key target markets, 

2. Assess potential market in six key target markets, and 
3. Interview key customers 

The results of Steps 1 and 2 are summarized in Section 4.1 and detailed in Appendix A, 
and the key customer interviews are summarized in Section 4.2. 

4.1  Key Target Markets Summary 
In our review of the market for the next generation gas turbine systems, Siemens 
Westinghouse contracted PA Consulting Group to perform a market study to 
characterize the future power market environment over the 2007-2020 period in 
six key target markets (KTM).  The KTMs included the United States broken 
down by region and five international markets: Brazil, Mexico, Germany, Italy and 
Spain. 
Within this framework, PA Consulting was asked to complete a matrix of 
information based on a two-step process.  Step 1 was to characterize the likely 
future power market structure and demand evolution in each KTM.  Step two was 
to assess the overall market potential in each KTM which included a review of six 
applications comprising; pure power generation, industrial cogeneration, 
combined heat and power (CHP), repowering of existing sites, integrated 
gasification combined cycle (IGCC), and distributed generation plants larger than 
30 MW.  
The summary findings project a total of 304 GW to 476 GW of combined cycle 
(CC) and simple cycle (SC) gas turbines capacity additions in the six KTMs over 
the 2007-2020 period.  This includes between 223 GW and 335 GW in the United 
States and between 81 GW and 141 GW in the five international KTMs.  The 
estimated mix of CC/SC capacity additions would be 33% baseload, 35% 
intermediate, and 32% peaking.  The mix is similar for both the US market and 
abroad but within the US regions and between countries there are differences.   
In the US, the Southeast shows the highest relative baseload need and demand 
for potential gas turbine additions.  In the international market, Mexico shows the 
highest relative baseload duty and need for additional capacity.  Pure power 
generation dominates the type of applications with 64% share of all projected 
capacity additions in all six KTMs.  This is followed by industrial cogeneration 
(11%), repowering (10%), decentralized generation (7%), IGCC (5%) and CHP 
(3%). 
The various applications were assessed for likely size distribution with the 
average sizes as follows: 219 MW for pure power generation, 185 MW for 
industrial cogeneration, 91 MW for CHP, 241 MW for repowering, 267 MW for 
IGCC and 83 MW for distributed generation.  Within the international KTMs, 
distributed generation additions are highest in Italy and Germany and 
cogeneration applications are high in both Brazil and Mexico.  Across the US 
regions, the highest potential for repowering was projected to be in the Midwest 
and Northeast with the largest share of industrial cogeneration applications in the 
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Southeast.  The configuration of gas turbines was reviewed for the merits of 2 
gas turbines and one steam turbine (2x1) versus one larger gas turbine and one 
steam turbine (1x1) for approximately the same plant size.  The conclusion was 
that the 2x1 configuration will tend to be used more, possibly capturing 65% of 
the combined cycle applications. This configuration would offer more flexibility in 
volatile markets and would better address load following industrial cogeneration 
and decentralized generation applications. 
The complete market assessment titled “Market Prospects for Next Generation 
Turbine Systems” is included in this report as Appendix A. 

4.2  Customer Surveys Summary  
Between January and June 2002, Siemens Westinghouse interviewed 11 
customers throughout the United States (See Figure 3) focusing on their future 
gas turbine R&D needs for the 2005-2020 time frame.  The interviews included 
discussions about the current DOE goals for the High Efficiency Engine and 
Turbine (HEET) Program, their specific gas turbine product feature needs for the 
future, and their future market applications for advanced power plants. Reliability 
and operating flexibility were at the top of the list for almost all of the customers.  
While no one was willing to forecast gas prices for the long term, many of the 
customers included fleet wide (or portfolio wide) fuel flexibility (mostly gas and 
coal) near the top of their priority list.   

 

Figure 3.  Location of Interviewed Customers (stars) and Their Generation Assets 
(blue area) 

Here are the key messages from the interviewees: 

Uncertainty 
Many customers voiced concerns related to an uncertain future caused by 
regulatory uncertainty, transmission infrastructure issues, fuel price volatility, and 
wire charges.  Their uncertainty in these areas led to uncertainty, in some cases, 
about the technologies they need for the future.  For others, the answer was 
more flexible technology that can accommodate future changes. 
More than one customer saw the potential for bulk power storage technologies, if 
implemented, to have a big impact on future markets. 
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Innovation and Government Support 
DEREGULATION = LESS INNOVATION  - Innovative technologies that cost a lot 
or have a large amount of risk can only be done in the rate base of a regulated 
utility.   
Collaborative R&D with industry and DOE support needs to continue into the 
future since no one company can take the risk of new technologies. 
The Senior Vice President of one risk-averse organization described a pioneer as 
“the guy with arrows in his back.”  This customer is happy to be number 5 or 6.  
Given this perspective, risk-averse customers are supportive of the DOE’s 
investment in power generation, especially new materials and sensors, because 
they will eventually receive the benefits. 

4.2.1  Demographic of Interviewees 
Over the period of January to June 2002, Siemens Westinghouse met with 11 
power generation customers in various parts of the country.  A copy of the 
interview presentation is attached.  Table 5 summarizes the mix of customers 
that were interviewed. 

Table 5 
Demographics of Interviewees 

Customer Interviewed / # of 
executives interviewed 

Total Installed 
Capacity (GW) Type 

American Electric Power / 4 42 Utility / IPP 
Ameren / 2  13 Utility / IPP 
Calpine / 5 14 IPP 
Duke Energy NA / 3 9 IPP 
Dynegy / 3 19 IPP 
Florida Power and Light / 2 25 Utility / IPP 
Mirant / 4 20 IPP 
NRG / 2 32 IPP 
PG&E National Energy Group / 2 7 IPP 
Reliant / 1 18 IPP 
TXU / 1 21 Utility / IPP 
TOTAL 220 28% of Installed US 

Generation Capacity 
 
Interviews were held with senior level managers responsible for generation, 
trading, and environmental issues.  The interviews were scheduled for one hour 
each but all interviews lasted longer than an hour with a significant amount of 
excellent feedback provided by all of the executives.  Figures 4 and 5 provide 
insight into the mix of companies and executives interviewed. 
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Figure 4 - Levels of Executives Interviewed 

 

Figure 5 - Installed Capacity of Customers Interviewed 

 
While many of the customers interviewed were utilities with defined service 
territories, all of the utilities interviewed had non-regulated business working as 
Independent Power Producers (IPPs) outside their service territory.  Many of the 
customers also had a strong presence outside the United States. 

4.2.2  Industry Feedback on DOE Goals 
Reliability, operating flexibility, and reduced life cycle cost (specifically O&M 
costs) were the top priority goals of most customers for the 2005-2020 time 
frame.  For some customers fuel flexibility on a fleet wide basis was also a high 
priority long-term goal.  Environmental superiority was an important goal for 
many customers with some noting active technology evaluation programs in this 
area.  While we framed the interviews to focus on the 2005-2020 time frame, our 
customers could not help influencing their feedback with their issues of today.  
Based on the customers’ feedback, we have estimated their ranking of the DOE 
priorities.  We also added the most notable new priority, “Operating Flexibility”, 
mentioned by many of the customers.  Figure 6 shows our interpretation of how 
the 11 customers ranked the DOE HEET Program goals based on their interview 
comments.  Many executives had trouble ranking the goals directly, so where no 
direct ranking was given, rankings were based on a subjective assessment of 
their overall interview feedback. 
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Figure 6 – Average of 11 Customers’ Ranking of DOE HEET Program Goals Based 

on Interview Feedback 

Improved Reliability 
For many customers, reliability was the top priority issue.  Its ranking was clearly 
driven by their current experience with F class gas turbines.  One customer 
would not consider G or ATS class gas turbines anytime soon because the F 
class gas turbines had not proven themselves to be reliable.  Customers are 
taking different approaches to dealing with this issue.  One customer is 
developing in-house skills to address the issues.  Another customer is focusing 
on standardization.  One customer noted “simple is better.” 

Reduced Life Cycle Costs 
High operation and maintenance (O&M) costs for gas turbines were by far and 
away the major issue raised here.  Many of the customers stated that the cost of 
parts and long-term maintenance programs were higher than they expected.  The 
risk associated with gas turbine parts costs have driven them to sign long term 
maintenance agreements with the Original Equipment Manufacturers (OEMs).  
One customer noted that if the F, G, and ATS class gas turbines were less risky 
then they would not need the long-term maintenance agreements with the OEMs.  
Another customer noted that these agreements are good because they make 
O&M costs more predictable.  One executive mentioned that these agreements 
create a valuable expert partner in operating and maintaining their plants over 
the long term. 
While many customers said that 15-20 year life cycle cost is important, they 
admitted that they still use initial cost and heat rate in their buying decisions.  
Some said they are working on new methods to bring long-term O&M costs into 
the initial buying decision.  Some customers noted that once the power plant is 
built O&M cost is the determining factor in the plant’s profitability.  One company 
noted that for intermediate and peaking duty plants, maintenance costs dominate 
over reliability, fuel cost, and initial costs.  Some customers suggested that more 
work is needed to improve parts lifing models to better account for the way units 
will be operated, such as including the number and frequency of starts. 
High O&M costs are leading some customers to look at new technology for 
solutions.  One customer is working with a small company to test a software 
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based failure prediction tool (based on proximity and vibration analysis).  Another 
customer noted that the potential for lower operating costs could overcome their 
resistance to using new technology.  They would backstop the new technology 
with insurance and a good contract with the technology provider. 

Environmental Superiority 
All of the customers interviewed stated some level of concern about the 
uncertainty of future environmental regulations.  One customer noted that 
emissions levels are being driven to zero.  How they plan to deal with the 
uncertainty seems to vary based on their comments.  Being a clean generator 
was a key current objective for one customer, who is  actively looking at long-
range emissions issues.  Others want to meet the industry’s current best efforts 
and no better at a reasonable cost.  Many stated specific concerns about 
possible CO2 limits, mercury control legislation, part load emissions, particulate 
emissions (PM10/PM2.5) limits, and noise.  One customer said that SOx and NOx 
credits could reach $300-400/ton and $3,000-4,000/ton, respectively, which 
would add significant cost to the operation of its plants.  These potential emission 
costs are driving this customer to look at gasification (IGCC) for future coal 
plants.  Other customers said they would deal with the uncertainty by delaying 
decisions for new generation and upgrades. 

Operating Flexibility 
While not currently a specific goal of the HEET program, there were sufficient 
comments made about operating flexibility that it was added to the ranking 
presented above.  See the specific comments under Product Feature Needs 
discussed below. 

Improved Fuel Flexibility 
Fleet wide fuel flexibility was near top priority for some customers.  Many 
customers wanted to maintain an option for coal in the future.  Some customers 
noted that nuclear was a good option but troubled by long development times 
and public perception.  The two coal-based options mentioned were Integrated 
Gasification Combined Cycle (IGCC) and Ultra-Supercritical (USC) steam plants.  
Some customers are avoiding IGCC because of the historically poor reliability 
and high capital cost of current projects.  Others saw IGCC as the only viable 
solution and hoped the DOE’s Clean Coal Power Initiative would help accelerate 
the building of advanced IGCC plants by covering some of the new technology 
risk financially. 

Ultra-High Efficiency 
Ultra-high efficiency did not rank at the top of any customer’s list of priorities.  
One customer noted that it is important for base load plants operating in a fully 
deregulated market.  Many executives noted that their new combined cycle 
plants, which they purchased because of their base load performance, are in 
reality operating in intermediate duty (5 day/week X 16 hours/day).  They did not 
see this situation changing in the near future.  One executive noted that ultra-
high efficiency units are hampered in some markets by regulated utilities being 
allowed to dispatch less efficient units ahead of ultra-high efficiency plants, which 
then operate less often. 
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Reduced Water Consumption 
Many customers believe water use is an issue in siting new plants today and will 
become a more important issue in the future.  Some have had to use air-cooled 
condensers and other technologies (such as the use of gray water) to help some 
of their existing plants meet permitting requirements.  Based on the interview 
comments, the issue does seem to be more critical in some regions of the 
country, especially the western U.S.  Some customers are looking at better heat 
rejection technology while others are looking at other approaches (specific 
technologies or cycle concepts) to address the issue. 

4.2.3  Product Feature Needs 
During the interviews we took the opportunity to ask each customer what specific 
gas turbine product feature they needed to be competitive in the 2005-2015 time 
frame.  We have grouped the feedback into common themes in order of the total 
number of comments received for each theme. 

Improved Reliability 
One customer was willing to trade heat rate for improved reliability.  For that 
customer, improved reliability is proving to be more important than saving fuel.  
Other specific comments included feedback on single shaft designs (reduces 
reliability and operating flexibility) and IGCC (need to be more reliable, simpler, 
and have better heat rates).  

Operating Flexibility 
Every customer requested better operating flexibility, which was one customer’s 
“key to competitiveness.”  Some saw better operating flexibility as shorter startup 
times (“less than 10 minutes”).  Some saw it in terms of plant size (“smaller is 
better”).  Some saw it as better turndown capability (“down to 30% without higher 
emissions”).  Others were looking at supplemental duct firing and inlet cooling to 
improve their operating flexibility.  

Life Cycle Costs 
One of the executives would like to see the industry lower the pressure ratios of 
future gas turbines to avoid the need for expensive natural gas booster 
compressor between the pipeline and the gas turbine.  Another customer noted 
the need for new tools to maintain plant performance and the plant’s availability, 
especially when the market needs all the power it can produce.  One customer 
pointed out the benefits of starting a gas turbine parts life extension program to 
lower O&M costs based on the lessons learned in the aviation and military 
markets.  

Low Emissions 
Most of the interviewees did not have a preference on how the emissions levels 
were met by the OEMs as long as it was done at low cost.  The rest of them had 
a preference for controlling the emissions with SCR technology or low emission 
combustors in the gas turbine.  Many customers stated the need for better 
emissions at part load operation.  One customer noted the need for low 
emissions technology for peaking gas turbines that operate on oil.  
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Controls and Sensors 
Condition based or predictive diagnostics were a common request.  Some see 
the cost of sensors as a minor cost compared to tripping a plant.  One customer 
pointed out the benefits of wireless LAN technology as a way to reduce the cost 
of cable runs to the sensors.  The broadest need is to have a predictive tool that 
helps them plan for scheduled maintenance (in both timing and scope).  Beyond 
this basic need, some customers were looking for tools that would improve their 
operating flexibility by allowing more peak load operation or longer times 
between scheduled outages.  Longer term, true remote operation (simple cycle 
peakers only) was mentioned where no pre- or post-operation inspections or 
maintenance was needed. 
Some customers also cautioned us about the complexity and reliability issues 
related to advanced sensors, with one customer noting that complex sensors 
have missed important plant trip conditions.  Other customers noted that the 
sensors need to provide information that their operators will be able to act on.  
They said the plant operators would bypass the sensor if they don’t trust it.  
Again, “simple is better” was mentioned. 

Plant Size 
Some customers had no preference on the size of plant.  A few customers 
thought bigger was better.  Many customers thought smaller size plants (some 
said sized to tie into 13.8 kV distribution systems and smaller, more readily 
available gas lines) would be easier to site in the future.  They saw this being 
caused by the transmission constraints and limited availability of sites near 
population (load) centers.  “Small” ranged from under 100 MW to 300 MW.  One 
customer was addressing this issue by designing future plants to use less space 
(on the order of 100 MW/acre).  Many thought that to get the operating flexibility 
they were looking for they needed a smaller plant.  Two customers noted the size 
of current ATS class gas turbines was too big.  

Duty Cycle 
One customer sees the need to design future plants for their true duty cycles.  
This customer would like to see plants designed primarily for a 5 day x 16 hour 
(~60%) duty cycle, but capable of operating as base load plants during the 
summer.  The customer also sees benefits in designing plants as simple cycle 
units to shorten the time from order to operation with the capability to be easily 
upgraded to combined cycle operation at a later time.  Many others noted the 
problem of operating their new base load designed plants in intermediate duty 
but did not offer any suggestions to improve the situation.  

Faster Startup Times and More Frequent Starts 
Many customers noted the value in being able to provide power to the market in 
less than 10 minutes.  This opportunity applies to both gas and steam turbine 
based plants.  One customer is using older coal fired plants in innovative ways to 
provide this capability.  Another customer sees the need for gas turbines that can 
start twice a day year round without a significant impact on O&M costs.  Another 
customer confirmed that some of his units are reaching 560 starts/year.  
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Lead Time 
One customer noted that deployment was a major issue, and would like to see 
substantially reduced times to build and commission new plants.  This customer 
cited the example of a modular, standardized gas turbine plant design that can 
“plug and play” gas turbines as needed.  For example, bring the equipment on 
site on a couple of trailers, take off the wheels, snap the parts together, hook up 
the gas, and plug it in.  Another customer would like to see larger plants be more 
like the aero-derivative based plants that can be easily moved to another site, 
where is takes less labor to install, and where gas turbines can be replaced in 
less than 3 days on site.  This customer also noted that this level of flexibility was 
allowing the aero-based plants to beat larger plants in current evaluations.  

Upgrades to Existing Fleet 
Some customers expressed an interest in upgrades to their existing fleet to 
improve performance.  Specific areas of interest include fuel flexible combustors 
(able to handle a wider range of gaseous fuels), increased output, better part 
load combustion systems, and faster start options.  

4.2.4  Future Market Application Needs 
We asked during the interviews what type of market applications (types of power 
plants) do they expect to build in the 2005-2020 time frame.   We gave them the 
opportunity to talk about any market application, not just gas turbine based 
applications.  Most of the feedback ended up focused on coal and gas based 
technologies.  Many considered nuclear options troubled by public perception, 
long lead times, and uncertain capital costs.  

IGCC 
All of the customers seeking a coal based option for the future had looked at 
IGCC.  The range of interest in IGCC went from “it’s our only choice” to “it’s too 
expensive and unreliable.”  Their evaluations show that gas prices need to stay 
above coal and petcoke by at least $ 3-4/MMBTU for a year or two for the 
technology to gain market share.  Those that did not like the technology said the 
capital cost was too high (requiring a larger amount of debt) and the existing 
plants have not been reliable enough. 
Those who liked the technology saw it as the only coal-based technology that 
can meet the wide range of expected emissions limits (SOx, NOx, Hg, CO2 and 
other possible heavy metals) that might be imposed on future coal plants.  One 
customer noted that 5 or 6 more IGCC plants need to be built before the 
technology is mature enough for widespread use.  To deal with the risk, this 
customer believes that future coal-based IGCC plants will only be built in the U.S. 
when they can be included in the rate base of a regulated utility.  Many don’t see 
it being in widespread use until after 2010. 

Asset Mix 
Fleet wide fuel flexibility is an important goal for many customers.  Many are 
considering gas, coal, and nuclear plant options.  For those that are selecting 
gas-based plants today, they are building for the pending intermediate or 
peaking-duty markets.  If they need base load in the future they will transition 
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their combined cycle plant to base load operation.  For those who are looking at 
coal based options other than IGCC, options being looked at were a 400 to 
500-MW supercritical Atmospheric Circulating Fluidized Bed (ACFB) plants with 
back end cleanup, Pulverized Coal (PC) with supercritical steam conditions, and 
ultra-supercritical steam plants. 
Some customers are concerned about the uncertainty of future environmental 
regulation.  They don’t believe that a PC-Steam plant, even with the best back-
end cleanup technology, will be clean enough in 2020.  Some are even 
concerned that their existing assets (coal plants) will not be re-permitted when 
they come up for major overhauls after 2010.  This is driving some of them to 
focus entirely on IGCC for the future. 

4.2.5  Other Important Comments 
At the end of each interview we gave the interviewees the opportunity to share 
their final thoughts.  Also during the interview the discussions would lead to a 
related issue not discussed above.  Below are the other important comments 
noted during the interviews. 
Some customers noted that if a disruptive technology, such as cheap and reliable 
bulk power storage, were introduced, many of their opinions would change.  One 
customer, noting uncertainty in the future, is using a strategy that is best at 
adapting to change. 
Some perceive that in the future all plants regardless of duty cycle, fuel or size 
will compete in a dynamic market.  One customer noted this might take some 
time to occur since the wholesale market will be stunted until retail competition is 
widespread.  Another customer pointed out that when full deregulation does 
happen, the following equation will apply: 
DEREGULATION = LESS INNOVATION = NO IGCC and NO ATS CLASS OR 
BETTER GAS TURBINES 
All but one company noted their R&D spending was down from historical levels.  
Many were working with EPRI using tailored collaboration to focus their R&D 
dollars.  However, all of our customers expressed the importance of the OEMs 
and DOE continuing collaborative R&D into the future.  Some suggested specific 
areas of focus such as environmental performance, reliability, and availability. 
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5.  System Benefits 
Implementation of NGGT technologies in new and retrofit applications would benefit the 
public and support DOE’s Vision 21 Program.  Section 5.1 describes the public benefits 
of NGGT in terms of fuel savings, emission reductions, cost savings, and job creation.  
Section  5.2 describes the contributions of NGGT technologies toward the realization of 
Vision 21. 

5.1  Public Benefits 
Projected US sales of new NGGT plants and retrofit-upgrades of existing plants with 
NGGT technology over the next 20 years, as described in this section, resulted in the 
following estimated public benefits.   

• Figure 7 shows 447 million barrels of oil equivalent (MBOE) savings in natural gas 
and oil consumption, which represents 1.7% of the oil and gas projected to be used 
for electric power generation over the next 20 years. 
Based on values ranging from $15 to $25/bbl, this 20-year savings represents 
between $6.7 billion and $11.2 billion. 

• Figure 8 shows 155 MBOE savings in coal consumption, which represents 0.2% of 
the coal projected to be used for electric power generation (“steam coal”) over the 
next 20 years.  
Based on values ranging from $15 to $25/bbl, this 20-year savings represents 
between $2.3 billion and $3.9 billion. 

• Figure 9 shows 0.9 million metric tons reduction in NOx emissions, which represents 
1.2% of projected NOx emissions by electric power generators over the next 20 
years.  
Based on values ranging from $310 to $1,880/ton, this 20-year savings represents 
between $280 million and $1.7 billion. 

• Figure 10 shows 1.1 million metric tons reduction in SO2 emissions, which represents 
0.6% of projected SO2 emissions by electric power generators over the next 20 
years.  
Based on values ranging from $70 to $220/ton, this 20-year savings represents 
between $78 million and $247 million. 

• Figure 11 shows 142 million metric tons reduction in CO2 emissions, which 
represents 1.2% of projected CO2 emissions by the US over the next 20 years.  
Based on values ranging from $1.00 to $18.60/ton, this 20-year savings represents 
between $142 million and $2.6 billion. 

• Figure 12 shows $43 billion savings in plant capital costs over the next 20 years.   
• Figure 13 shows 178,000 jobs created over the next 20 years.  

Based on values ranging from $30,600 to $34,900/job, this 20-year benefit 
represents between $5.4 billion and $6.2 billion. 

The technical approach used to estimate these public benefits is described in the pages 
following the figures. 
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Figure 7 – Projected Gas/Oil Savings, million barrels of oil equivalent per year 

 

Figure 8 – Projected Coal Savings, million barrels of oil equivalent per year 
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Figure 9 – Projected NOx Reduction, million metric tons per year 

 

Figure 10 – Projected SO2 Reduction, million metric tons per year 
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Figure 11 – Projected CO2 Reduction, million metric tons per year 

 

Figure 12 – Projected Capital Cost Savings, billion $US per year 
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Figure 13 – Projected Job Creation, jobs per year 
The overall technical approach used to estimate public benefits due to NGGT sales is 
broadly described in seven steps. 
1. Characterize the next 20-year US electric power market based on projections by 

DOE/EIA in Energy Outlook 2002 with Projections to 2020 (Energy Information 
Administration, Office of Integrated Analysis and Forecasting, U.S. Department of 
Energy, Washington, DC. (www.eia.doe.gov/oiaf/aeo/assumption/tbl38.html).   

2. Characterize the "status quo" gas turbines that would be installed in the US if 
there were no NGGT plants.  Reference plant parameters (per turbine unit) 
include capital cost, net power output, efficiency (fuel consumption), and exhaust 
concentrations of NOx (ppmv, dry, 15% O2), SO2 (lb/MWh), and CO2 (lb/MWh). 

3. Using "status quo" turbines and the 20-year electric power market, estimate 
annual and 20-year total US capital cost expenditures, fuel use, NOx, SO2, and 
CO2 emissions.  This is the Status Quo Scenario, without NGGT plants. 

4. Characterize NGGT plants to the same level of detail as the "status quo" gas 
turbines. 

5. Estimate the number of NGGT plants projected to be sold in each of the next 20 
years.  NGGT plants include various simple cycles, combined cycles, and IGCC 
plants that use NGGT engines.   

6. Using projected NGGT sales to displace "status quo" plants, estimate annual and 
20-year total US capital cost expenditures, fuel use, NOx, SO2, and CO2 
emissions.  This is the NGGT Scenario. 

7. Estimate public benefits by subtracting the Status Quo Scenario from the NGGT 
Scenario.   

Cumulative new capacity sales for the US, in gigawatts (GW) are the same EIA 
projections for both the "business as usual" scenario and the "with NGGT technology" 
scenario.   
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5.1.1  Estimated Plant Emissions 
Emission estimates are listed in Table 6 for reference power plants, new NGGT power 
plants, and NGGT retrofit applications.   

Table 6 
Emissions Comparison 

 
 Power Plant Type 

NOx, 
lb/MWh 

SO2, 
lb/MWh 

CO2, 
lb/MWh 

Reference Power Plants    
Ref. Gas Turbine or Diesel Plants 0.933 - 1229 
Ref. Combined Cycle Plants 0.616 - 812 
Ref. Coal Steam Plant 3.820 9.170 1896 
    
New NGGT Power Plants    
A1 New (2+3) Simple cycle peaker 0.165 - 1085 
B2 New (10) Combined cycle plant 0.110 - 725 
B6 New (10) Coal-fueled IGCC plant 0.463 0.820 1793 
    
Retrofit NGGT Power Plants    
B4 (10) Retrofit Upgrade W501F CC (1.W501F) 0.159 - 589 
B4 (10) Retrofit Upgrade W501F CC (2.W501F) 0.159 - 589 
B4 (10) Retrofit Upgrade "F" Combined Cycle [1] 0.159 - 589 
    
B5 (10) Retrofit Upgrade W501G CC (1S.W501G) 0.154 - 568 
B5 (10) Retrofit Upgrade W501G CC (2S.W501G) 0.154 - 568 
B5 (10) Retrofit Upgrade "G" Combined Cycle [1] 0.154 - 568 

[1] Combined cycles are assumed to be a mixture of 65% 2x1 CC and 35% 1x1 CC.  
The resulting average net power is 1.65 times the power of a 1x1 CC. 
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5.1.2  NGGT Sales Projections 
Unit sales projections are listed in Table 7 for new NGGT power plants and NGGT 
technology retrofit applications.   

Table 7 
NGGT New and Retrofit Unit Sales Projections 

 New  
Peaker 

New 
Comb.Cyc

Retrofit 
W501F CC

Retrofit 
W501G CC 

New  
IGCC 

Net Power 270 MW 791 MW 541 MW[1] 698 MW[1] 420 MW 
Designation A1 B2 B4 B5 B6 

2007 2 - - - - 
2008 2 1 2 1 1 
2009 2 1 2 1 1 
2010 2 1 5 1 1 
2011 7 3 6 2 1 
2012 7 3 8 3 1 
2013 7 3 15 3 1 
2014 7 3 20 3 1 
2015 7 3 20 3 1 
2016 11 5 20 4 2 
2017 11 5 20 6 2 
2018 11 5 10 6 2 
2019 11 5 5 6 2 
2020 11 5 5 8 2 

[1] Combined cycles are assumed to be a mixture of 65% 2x1 CC and 35% 1x1 CC.  
The resulting average net power is 1.65 times the power of a 1x1 CC. 
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5.2  Vision 21 Support 
The DOE’s Vision 21 Program’s primary objective is to effectively remove all 
environmental concerns associated with the use of fossil fuels for producing 
electricity, liquid transportation fuels, and high-value chemicals.  Vision 21, as 
envisioned by DOE and supported by SWPC, brings all of the needed 
technologies together to allow energy production plants to perform a variety of 
functions in a highly efficient and environmentally friendly way.  The advanced 
technologies being developed today for Integrated Gasification Combined Cycle 
(IGCC), Advanced Pressurized Fluidized Bed Combustion (APFBC), Advanced 
Turbine Systems (ATS), High Performance Power Systems (HIPPS), Solid Oxide 
Fuel Cells (SOFC), and Next Generation Gas Turbine Systems will become 
building blocks for future plants that can produce a variety of products from fossil 
fuels, including electricity and chemical feedstocks. 
At the heart of the Vision 21 “Energy-plex” is gas turbine technology.  The gas 
turbine converts the fossil fuel processed by gasification or other means into 
mechanical and thermal energy to eventually produce electricity and co-
generation heat.  We expect gas turbines of various sizes to be incorporated into 
Vision 21 plants.  The technologies identified in this study will be developed and 
applied to gas turbines of various sizes and in various combinations to produce 
flexible and efficient power plants.  The emissions and efficiency benefits 
inherent in these next generation technologies will readily carry over into the 
Vision 21 systems.  The timing for the development of these next generation 
technologies and the Vision 21 Program are very complementary.  Given the 
current plan, the next generation gas turbine technologies will focus on lower 
emissions and higher efficiency with natural gas and syngas, and will be well 
proven in the marketplace prior to the introduction of the first Vision 21 plants in 
the 2015 timeframe. 
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6.  Technology Roadmap 
Siemens Westinghouse maintains proprietary roadmaps for all major areas of 
technology focus, across all product lines.  The roadmaps are based on various inputs 
including, but not limited to: customer requirements, time to develop, cost of 
development, current and forecasted global electricity market conditions, industry 
competitors, and regulatory influences both real and envisioned.  
The combinations of NGGT technologies evaluated as part of the 10 variants in this 
study have been assessed for their potential in adding value to the Siemens 
Westinghouse power equipment product line and to achieving the DOE program goals. 
The technologies deemed evolutionary have been prioritized and integrated into the 
various existing technology roadmaps as technology needed to meet near term market 
demands. Those technologies identified as revolutionary, rather than evolutionary, have 
been placed on an NGGT Enabling Technologies Roadmap as candidates for 
collaborative development.  These revolutionary or longer-term technologies are in most 
cases risky, will take longer to develop, have the potential to provide a greater public 
benefit, and probably wouldn’t get developed unless done in collaboration with DOE.  
Since the technologies for potential development are strategic to Siemens 
Westinghouse, they have been classified as proprietary and therefore are not shown in 
this report.  
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7.  Development Plan 
Siemens Westinghouse has identified certain NGGT system technologies for 
collaborative development with the DOE and identified them in a proprietary NGGT 
Enabling Technologies Roadmap.  The NGGT Enabling Technologies Roadmap 
schedule was developed in conjunction with overall Siemens Westinghouse technology 
development plans to provide an orderly sequence of NGGT technology introduction for 
commercialization.  Validation will be accomplished in both stand-alone test facilities and 
in customer operating plants.  
The development schedule included consideration for introducing technology at the 
earliest opportunity in order to optimize return on investment and achieve the greatest 
public benefit in the 2005-2020 timeframe.  The schedule also provides the technologies 
necessary to achieve DOE program goals and integration into Vision 21 “Energy-plexes” 
by 2015.   
Figure 14 shows annual and cumulative spending for the NGGT technologies potentially 
developed in collaboration with DOE.   
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Figure 14 - NGGT Technology Development Spending Plan 2004-2020 
For each of the technology options considered, validation of the advanced technology for 
that option was investigated.  Two types of testing were required, namely laboratory 
validation testing and engine testing.   
Laboratory validation consists of a model turbine test, which would verify turbine 
aerodynamic performance and outside heat transfer coefficients, heat transfer testing, 
and materials testing.  The heat transfer testing consists of an internal cooling test for 
air-cooled components using plastic models, cascade testing, and a rotating rig test. 
Eleven different cost elements were used to estimate the cost of development, 
validation, and testing.  These elements were varied to produce the three engine testing 
scenarios.   
The biggest contributor to the engine testing programs for all three scenarios was the 
cost of parts, which included the advanced technology components being validated and 
any modifications required to accommodate instrumentation installation.  The cost of the 
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parts required for testing was included as the first prototype cost, and will be significantly 
reduced when parts go into full-scale production.   
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8.  Conclusions 
The main conclusion derived from the NGGT System Study was that the public would be 
better served by developing advanced enabling technologies rather than developing a 
specifically sized NGGT system.  Developing a range of technologies that address DOE 
NGGT program goals and that can be scaled up or down for use with all sizes of new 
gas turbine systems will provide greater public benefit.  Also, as technologies are 
developed and validated, they can be retrofitted into the existing fleet of gas turbine 
systems so benefits can be realized long before a full-fledged NGGT system could be 
developed and commercialized, as has been done with selected ATS technologies.  
Market analyses revealed that gas turbine power plants of varying sizes will continue to 
provide a significant portion of the global power generation mix through the 2020 time-
period for electrical capacity additions and replacements.  Feedback from face-to-face 
customer surveys revealed that power equipment customers are more interested in 
better system RAM, reduced life cycle costs, better emissions performance and more 
operational flexibility than they are in continued gains in plant efficiencies.  
In summary, this study showed that select combinations of DOE NGGT goals could be 
reached for each gas turbine system.  This will only be possible by the development of a 
range of technologies that must be combined in different ways to maximize the resulting 
power plant benefits for each application.  This study also showed that gas turbine 
systems of various sizes (small, medium, and large) will continue to be a significant 
portion of the global power generation mix over the next 20 years, with customers 
demanding greater equipment reliability and continued improvements in overall life cycle 
costs.  Therefore, a recommendation for gas turbine system technology improvement, 
rather than a gas turbine system of a specific size, makes the most sense from a 
development investment standpoint. 
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9.  List of Acronyms and Abbreviations 
ACFB Atmospheric Circulating Fluidized Bed 
ATS Advanced Turbine Systems 
B1, 2, … Rotating Blade row 1, 2, … 
BTU British Thermal Unit 
CC  combined cycle 
CHP Combined Heat and Power 
COE Cost of Electricity 
DLN Dry Low-NOx 
DOE U.S. Department of Energy 
Eta Thermal efficiency 
GW Gigawatt (1,000 megawatts) 
HEET  High Efficiency Engines and Turbines 
HHV Higher Heating Value 
HIPPS High Performance Power System 
HRSG Heat Recovery Steam Generator 
Hz Hertz (cycles per second) 
IGCC Integrated Gasification Combined Cycle  
IPP  Independent Power Producer 
KTM  Key Target Markets 
kWh Kilowatt-hour 
LAN Local Area Network 
LHV Lower heating Value 
MBOE Million Barrels of Oil Equivalent (approximately 5.8 x 1012 BTU) 
MW Megawatts 
NDE Non-Destructive Examination 
NGGT Next Generation Gas Turbine 
NPV Net Present value 
O&M Operation and Maintenance 
OEM Original Equipment Manufacturer 
PC  Pulverized Coal 
PR Pressure ratio 
PRDA Planned Research and Development Announcement 
RAC Rotor Air Cooling 
RAM  Reliability, Availability, and Maintainability 
RIT Rotor Inlet Temperature 
SC  Simple Cycle 
SOFC Solid Oxide Fuel Cells 
SWPC Siemens Westinghouse Power Corporation 
TCLA Total Cooling and Leakage Air 
TIT Turbine Inlet Temperature 
USC Ultra-SuperCritical (steam power cycle or plant) 
V1, 2, … Stationary Vane row 1, 2, … 
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Appendix - Market Prospects for Next Generation Turbine 
Systems, March 12, 2002, PA Consulting Group 
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